In a previous study, we showed that Vibrio vulnificus is a ferrophilic bacterium that requires high levels of available iron for growth. In the present study, we show that iron stimulates, in an unusual manner, the production of cytolysin-hemolysin (VvhA), the most potent exotoxin produced by V. vulnificus. The vvhA gene possesses a putative ferric uptake regulator (Fur)-binding box in the regulatory region, andvvhA transcription was repressed by iron and de-repressed by fur mutation. However, extracellular secretion of VvhA was conversely increased by iron. Iron increased transcription of pilD, which encodes PilD, a component of the type II general secretion system responsible for extracellular VvhA secretion. These results indicate that iron increases extracellular VvhA secretion via the type II general secretion system, although it can repress vvhA transcription via Fur. Purified VvhA is so potent that it can kill mice at submicrogram levels [9] . However, serious doubts have been raised about the pathogenic significance of VvhA, because mutation of the vvhA gene does not influence the lethal susceptibility of mice to V. vulnificus [11] . Now, it is believed that VvhA is not the decisive factor determining mouse lethality, but that is instead one of the virulence factors responsible for the pathophysiological changes observed in V. vulnificus infection [12] [13] [14] [15] .
Purified VvhA is so potent that it can kill mice at submicrogram levels [9] . However, serious doubts have been raised about the pathogenic significance of VvhA, because mutation of the vvhA gene does not influence the lethal susceptibility of mice to V. vulnificus [11] . Now, it is believed that VvhA is not the decisive factor determining mouse lethality, but that is instead one of the virulence factors responsible for the pathophysiological changes observed in V. vulnificus infection [12] [13] [14] [15] .
V. vulnificus has several iron-uptake systems [16] [17] [18] [19] . Nevertheless, V. vulnificus often causes infections in patients with elevated serum or tissue iron levels, such as those with hemochromatosis [20] , hepatic diseases [21] , or a heavy alcohol drinking habit [22] . The primary reason for infection in patients with elevated iron levels is thought to be that V. vulnificus is a ferrophilic bacterium that requires higher levels of available iron for growth than do other pathogenic bacteria [23] . In accordance with this, elevated tissue or serum iron levels may be one of the most reliable predisposing factors determining host susceptibility to V. vulnificus [24] , because iron attenuates host immune states [25] , stimulates V. vulnificus growth, and prolongs V. vulnificus survival within the host [20] [21] [22] [23] [24] . As in most bacteria, expression of iron-regulated genes in V. vulnificus is usually negatively regulated by a transcription repressor called ferric uptake regulator (Fur) [26] . Yamamoto et al [27] first reported that a putative Fur binding site is present in the regulatory region of the vvhA gene in V. vulnificus, which strongly suggests that vvhA expression may be negatively regulated by iron. However, our experience has been that VvhA is more profoundly produced in iron-sufficient media than in iron-deficient media. This contradiction suggests that iron may differently regulate vvhA expression and extracellular VvhA production (secretion), which is controlled by the type II general secretion system (II-GSS) [7] . However, no report is available regarding the relationship between iron and vvhA expression or extracellular VvhA production. In the present study, we attempted to determine the different effect of iron on vvhA transcription via Fur and extracellular VvhA secretion via II-GSS.
MATERIALS AND METHODS
Bacterial strains, plasmids, primers, media, and reagents. The bacterial strains, plasmids, and primers used in this study are listed in table 1. Luria-Bertani medium (BD) and Thiosulfate-Citrate-Bile-Sucrose medium (BD) containing 20 mg/ mL ampicillin, 300 mg/mL kanamycin, 2 mg/mL tetracycline, or 2 mg/mL chloramphenicol were used for selection and subculture of recombinant strains. Heart infusion (HI; BD) agar or broth containing additional 2.0% sodium chloride was used as the basal medium for the cultivation of V. vulnificus strains. HI broth was deferrated using 8-hydroxyquinoline to make iron-deficient HI broth [33] . The residual iron concentration of iron-deficient HI broth, measured as described elsewhere [34] , was р1.0 mg/dL. Ferric chloride (FC) as an iron source was exogenously added to iron-deficient HI broth. Unless noted otherwise, all reagents were purchased from Sigma-Aldrich.
Construction of mutant strains. A b-galactosidase gene (lacZ)-deletion mutant strain (CMM2101) was constructed from M06-24/O with spontaneous streptomycin resistance as described elsewhere [29] . From M06-24/O and CMM2101, furdeletion mutant strains CMM2303 and CMM2304, respectively, were constructed as described elsewhere [35] . A pilD-deletion mutant strain (RC104) and its in trans pilD-complemented strain (RC108) were constructed in M06-24/O as described elsewhere [36, 37] .
Construction of transcriptional reporter strains. The merozygotic P vvhA ::lacZ transcription reporter strains CMM2103 and 2305 were constructed from CMM2101 and CMM2304, respectively, as described elsewhere [29] . The merozygotic P pilD ::lacZ transcriptional reporter strain (RC176) was constructed using a broad host-range vector containing the promoterless lacZ gene, pQF52 [32] , and R6K origin suicide pDM4 vector [31] . A 934-bp BglII-KpnI fragment containing the promoter region of pil operon (864 bp upstream and 69 bp downstream from the start codon of pilA) was amplified using polymerase chain reaction primers (pili-rep-F with BglII overhang and pili-rep-R with KpnI overhang) and was subcloned into pQF52. The resulting plasmid was designated pRC154. From pRC154, a BglII-ScaI fragment containing the P pilD ::lacZ fragment was subsequently subcloned into pDM4. The resulting plasmid was designated pRC156. Plasmid pRC156 was transformed into Escherichia coli SY327 lpir and SM10 lpir [30] and was transferred to CMM2101 by conjugation. A stable transconjugant was selected in which the presence of the pilDlacZ fusion and wild-type pilD was confirmed by a b-galactosidase assay [38] and by observing the extracellular secretion of VvhA and VvpE.
Measurement of bacterial growth and b-galactosidase activity. To adapt V. vulnificus strains to iron-restricted conditions and to reduce intracellular iron storage, the strains were preconditioned by culture for 12 h in HI broth containing 100 mmol/L of the iron chelator dipyridyl. The preconditioned strains were inoculated into iron-deficient HI broth containing various concentrations of FC at ∼ cells/mL and were 6 1 ϫ 10 cultured with vigorous shaking (220 rpm) at 37ЊC for 12 h. During culture, culture aliquots were withdrawn to measure bacterial growth and b-galactosidase activity. Bacterial growth was measured by the optical density of the culture aliquots at a wavelength of 600 nm (OD 600 ), and b-galactosidase activity was measured in triplicate as described elsewhere [38] .
Measurement of VvhA activity and quantity. To measure extracellular VvhA production, culture aliquots were centrifuged at 9800 g for 5 min. Hemolytic activity in the recovered culture supernatants was measured in triplicate by the tube hemolysis assay using 1% human red blood cell suspensions [39] . The amount of extracellular VvhA in the culture supernatants was measured by an immunoblot method. In brief, equal volumes (20 mL) of the culture supernatants were electrophoresed on a 10% running gel and were transferred to nitrocellulose membranes or were directly blotted onto nitrocellulose membranes with use of a Bio-Dot SF microfiltration apparatus (Bio-Rad). To measure the amount of intracellular VvhA, bacterial cells were harvested during culture by centrifuging at 9800 g for 5 min. The pelleted bacterial cells were washed 3 times with phosphate-buffered saline, mixed with the lysis buffer (60 mmol/L Tris-hydrogen chloride [pH, 6.8], 10% glycerol, and 1% sodium dodecyl sulfate), and boiled for 10 min. The remaining cell debris was removed by centrifugation. The protein concentration in the bacterial cell lysates was determined using Bradford reagent in an established assay. A total of 10 mg of protein was electrophoresed on a 10% running gel and was transferred to nitrocellulose membranes or was directly blotted onto nitrocellulose membranes as described above. The membranes were allowed to react with rabbit polyclonal antiVvhA antibody, which was diluted 1:500 in blocking solution, before reaction with goat anti-rabbit IgG antibody conjugated with horseradish peroxidase (1:1000 dilution in phosphatebuffered saline) and was finally developed with diaminobenzidine and hydrogen peroxide [40] .
RESULTS
Iron-mediated repression of vvhA transcription and stimulation of extracellular VvhA production. To reduce possible interstrain differences and to simultaneously observe the effect of iron on bacterial growth, vvhA transcription, and extracellular VvhA secretion in a strain, we used only the merozygotic Hemolytic activity was measured in culture supernatants to monitor extracellular VvhA production. In contrast with the vvhA transcription level, hemolytic activity was increased by 1.0-10.0 mmol/L of FC ( ) but not when the concentra-P ! .05 tion was !0.5 mmol/L and 110.0 mmol/L ( figure 1C) . Similar results were also observed when the hemolytic activity was normalized by OD 600 ( figure 1D ). In addition, hemolytic activity plateaued 6-9 h after culture initiation and, thereafter, abruptly decreased at all FC concentrations because of the inactivation of the produced VvhA resulting from self-oligomerization or protease production during the late growth phase [40, 41] . Overall, these results indicate that, in contrast with vvhA transcription, iron stimulates extracellular VvhA production.
To further determine whether iron could stimulate extracellular VvhA production, the amounts of intracellular and extracellular VvhA were simultaneously measured by Western blot (figure 2). The amount of extracellular VvhA was increased by FC concentrations of 1.0-10.0 mmol/L but was not further changed by FC concentrations of !1.0 mmol/L and 110.0 mmol/ L. The amount of extracellular VvhA was roughly consistent with the hemolytic activity in the same culture supernatants. Similar results were also observed when extracellular VvhA amounts on densitometry were normalized by OD 600 and analyzed quantitatively (data not shown). The amount of extracellular VvhA reached a plateau 6-9 h after culture initiation and, thereafter, decreased, again likely because of self-oligomerization or protease production during the late growth phase [40, 41] . In contrast, the amount of intracellular VvhA was decreased by FC in a pattern that was inversely proportional to the amount of extracellular VvhA. These results indicate that iron stimulates extracellular VvhA production by facilitating secretion rather than synthesis.
De-repression of vvhA transcription by fur mutation. To determine whether iron represses vvhA transcription via Fur, we cultured CMM2103 with the merozygotic P vvhA ::lacZ transcriptional fusion and CMM2305 with the fur-deleted merozygotic P vvhA ::lacZ transcriptional fusion in iron-deficient HI broth containing 0.25, 0.5, 1.0, 10.0, or 20.0 mmol/L of FC. CMM2305 began to grow slightly earlier than CMM2103, especially in medium containing !1.0 mmol/L of FC (figure 3A and 3B).
The levels of vvhA transcription were higher in CMM2305 than in CMM2103 at all FC concentrations ( ) (figure P ! .05 3C and 3D). At 6 h, the transcription level in CMM2305 was ∼14.0-fold and ∼5.0-fold greater in the presence of 110.0 mmol/ L of FC and !1.0 mmol/L of FC, respectively. In addition, vvhA transcription appeared to still be repressed by iron, even in the Fur-deficient background. Overall, these results indicate that iron represses vvhA transcription via Fur, and Fur-mediated derepression is greater in the presence of relatively high iron levels than in the presence of relatively low iron levels.
Regulation of extracellular VvhA secretion via PilD-mediated II-GSS by iron. The type IV leader peptidase-N-methyltransferase (called PilD or VvpD) is essential for the extracellular secretion of several exoproteins via II-GSS [7] . Accordingly, to confirm that VvhA is secreted via PilD-mediated II-GSS, we cultured wild-type MO6-24/O, RC104 with pilD deletion, and RC108 with pilD complementation in iron-deficient HI broth containing 0.25 mmol/L or 10.0 mmol/L of FC and compared the extracellular VvhA secretion among the 3 strains. No growth difference was observed among the 3 strains ( figure 4A-4C ). MO6-24/O secreted greater amounts of VvhA in iron-deficient HI broth containing 10 mmol/L of FC than in iron-deficient HI broth containing 0.25 mmol/L of FC ( figure  4D ). In contrast, extracellular VvhA secretion in RC104 was delayed until 12 h after culture initiation, even in iron-deficient HI broth containing 10 mmol/L of FC ( figure 4E) , and extracellular VvhA secretion in RC108 was completely recovered to wild-type levels ( figure 4F ). The reason why extracellular VvhA appeared to be produced only after 9 h in RC104 might be that accumulated intracellular VvhA was released from autolyzed cells during the stationary growth phase.
Up-regulation of pilD transcription by iron. To determine the effect of iron on pilD transcription, we cultured RC176 with the merozygotic P pilD ::lacZ transcriptional fusion in irondeficient HI broth containing 1.0 or 10.0 mmol/L of FC. The growth of the strain was stimulated by FC ( figure 5A ). The level of pilD transcription in RC176 was higher in iron-deficient HI containing 10.0 mmol/L of FC than in iron-deficient HI containing 1.0 mmol/L of FC (figure 5B). Accordingly, these results indicate that iron stimulates extracellular VvhA secretion by increasing the activity of PilD-mediated II-GSS.
DISCUSSION
The present study demonstrates that iron represses vvhA transcription via Fur while stimulating extracellular VvhA secretion by increasing the activity of II-GSS. Extracellular VvhA production or vvhA transcription is regulated by several factors. The cAMP-CRP complex positively and directly regulates vvhA transcription along with extracellular VvhA production [42] . The ToxRS system positively regulates extracellular VvhA production [43] . The LuxS-quorum sensing system negatively regulates vvhA transcription along with extracellular VvhA production [29] .
In addition, vvhA transcription may be regulated by iron via Fur, because a putative Fur binding site exists in the regulatory region of vvhA in V. vulnificus EDL174 [27] . On the basis of this report, we also inspected whether a putative Fur binding site is commonly present in the regulatory region of vvhA in other V. vulnificus strains. Indeed, V. vulnificus CMCP6, YJ106, and ATCC29307 have a common putative Fur binding sequence (TTTATTTATATGAAATAT) that is similar to a Fur-binding consensus (TATAATGATACGCATTAT) of Escherichia coli in the regulatory region of vvhA (data not shown). This fact strongly suggests that vvhA transcription may be negatively regulated by iron via Fur. Nevertheless, VvhA has been known to be produced sufficiently under iron-sufficient conditions [44] , and we and others also have used iron-sufficient conventional laboratory media, such as Luria-Bertani and HI media, Figure 4 . Iron-mediated stimulation of extracellular cytolysin-hemolysin (VvhA) secretion via the PilD-mediated type II general secretion system. A, B, and C, Bacterial growth, as measured spectrophotometrically as the optical density of culture aliquots at a wavelength of 600 nm (OD 600 ). D, E, and F, Hemolytic activity in the culture supernatants, as measured in triplicate by the tube hemolysis assay using 1% human red blood cell suspension [39] . Results are expressed as the means and standard errors of values measured in triplicate. FC, ferric chloride.
because VvhA is produced sufficiently even in these growth sources [39] [40] [41] [42] [43] .
In the present study, vvhA transcription was repressed by iron (figure 1), and the repressed vvhA transcription was derepressed by the fur mutation ( figure 3 ). The effect of fur mutation was greater under high iron conditions than in the presence of lower iron levels. These findings indicate that iron represses vvhA transcription via Fur, although the direct binding of Fur to the regulatory region of vvhA has not yet been determined. Fur is an iron-responsive transcriptional repressor [26] . Iron binds to Fur, and the iron-Fur complex is formed in proportion to iron concentrations. When complexed with iron, Fur binds to a 19-bp nucleotide sequence designated the Fur box; the binding prevents the transcription of iron-regulated genes by competing with RNA polymerase for promotor regions. Moreover, fur expression is stimulated by iron (authors' unpublished data) and is positively autoregulated by Fur itself [45] . Therefore, the repressive effect of Fur is increased in proportion to iron concentration.
A noteworthy finding of the present study was that vvhA transcription still occurred at considerable levels under high iron conditions ( figure 1 ). This may have occurred because the cAMP-CRP complex that is crucial for vvhA transcription still functions under iron-sufficient conditions [13, 42] , and the repressive effect by Fur or iron cannot override the stimulatory effect by the cAMP-CRP complex on vvhA transcription.
Another notable finding was that vvhA transcription was still repressed by iron in the Fur-deficient background (figure 4). This finding suggests that iron may repress vvhA transcription by additional transcriptional factor(s) besides Fur. The LuxSquorum sensing system is known to negatively regulate vvhA transcription [29] . Recently, iron was reported to positively ).
regulate luxS transcription in V. vulnificus [46] ; we have also observed that iron increases luxS transcription even in a Furdeficient background (C. M. Kim and S. H. Shin, unpublished data). Accordingly, we suggest that iron may additionally repress vvhA transcription by increasing the activity of the LuxSquorum sensing system.
Contrary to the observations with vvhA transcription, iron stimulated extracellular VvhA secretion by increasing the activity of PilD-mediated II-GSS (figures 1, 2, 4, and 5). We observed that extracellular VvhA production was blocked by a mutation of pilD, a constituent of II-GSS, and that the blocked extracellular VvhA secretion was recovered by complementation of wild-type pilD (figure 4). This finding clearly indicates that VvhA is secreted via PilD-mediated II-GSS, in agreement with a previous report [7] . In addition, pilD transcription was increased by iron (figure 5). Overall, these results indicate that iron stimulates extracellular VvhA secretion by activating PilDmediated II-GSS. This is a very novel finding, because it is known that Vibrio cholerae hemolysin and Vibrio parahaemolyticus thermostable direct hemolysin, which are functionally and structurally similar to VvhA, are exuberantly produced in iron-deficient conditions, compared with iron-sufficient conditions, and that putative Fur binding sequences are found in the regulatory regions of the hlyA andtdh genes [27, [47] [48] [49] .
II-GSS also controls the extracellular secretion of several other exoproteins, including pilin and metalloprotease VvpE, all of which are putative virulence factors, and the virulence of V. vulnificus is attenuated by blocking II-GSS via a pilD mutation [7] . Accordingly, our results show that iron can stimulate the production of several putative virulence factors, including VvhA, VvpE, and pili, and can eventually increase the virulence of V. vulnificus by increasing the activity of II-GSS. In this respect, we can speculate that a vicious cycle is established; active VvhA may actually be produced in vivo, albeit at low levels, or at a local millieu, the resulting cytolysis or hemolysis that may trigger the release of intracellular iron may increase the availability of iron, which may further stimulate the extracellular secretion of several putative virulence factors, including VvhA, along with the stimulation of V. vulnificus growth and may eventually further aggravate the fulminant progression of V. vulnificus infection.
In conclusion, we have demonstrated that VvhA production is differentially regulated at the transcription and secretion levels by iron. Iron represses vvhA transcription via Fur but stimulates extracellular VvhA secretion by increasing the activity of II-GSS.
